The dielectric properties of (Pb(Mg 1/3 Nb 2/3 )O 3 ) 0.67 (PbTiO 3 ) 0.33 single crystals in the temperature range from room temperature to 250°C have been studied. A very sharp change of dielectric permittivity due to the spontaneous relaxor-ferroelectric phase transition was observed. The most interesting result is that the dielectric permittivity in ferroelectric phase is strongly dependent on the cooling rate across the relaxor-ferroelectric phase transition. We assume that the cooling rate can influence the grain size of ferroelectric subdomains in ferroelectric phase and can therefore influence the dielectric properties. 11, 12 in ferroelectric phase, which indicates the ferroelectric phase of the relaxor is somewhat different from that of normal ferroelectrics. In this letter, the dielectric properties of (Pb(Mg 1/3 Nb 2/3 )O 3 ) 0.67 (PbTiO 3 ) 0.33 ͑PMNT67/33͒ single crystal, especially during the spontaneous RF phase transition, 5, 11 have been carefully studied. The crystals were grown by Bridgmen method 13 and then cut to thin pieces along ͑001͒ plane and carefully polished. Samples 2.5ϫ2.5ϫ0.08 mm 3 were coated with Ag on bottom and top. The dielectric properties were measured using HP4194A impedance analyzer in a vacuum chamber in the temperature range from Ϫ100 to 300°C, measured by a thermal couple attached to the bottom electrode.
The relaxor ferroelectric materials have a very complicated phase diagram. [1] [2] [3] The most amazing phenomenon is the relaxor to ferroelectric ͑R-F͒ phase transition, 2-10 which may happen spontaneously or under high enough bias voltage. However, the tweed-like ferroelectric subdomains can be observed in the (Pb(Mg 1 11, 12 in ferroelectric phase, which indicates the ferroelectric phase of the relaxor is somewhat different from that of normal ferroelectrics. In this letter, the dielectric properties of (Pb(Mg 1/3 Nb 2/3 )O 3 ) 0.67 (PbTiO 3 ) 0.33 ͑PMNT67/33͒ single crystal, especially during the spontaneous RF phase transition, 5, 11 have been carefully studied. The crystals were grown by Bridgmen method 13 and then cut to thin pieces along ͑001͒ plane and carefully polished. Samples 2.5ϫ2.5ϫ0.08 mm 3 were coated with Ag on bottom and top. The dielectric properties were measured using HP4194A impedance analyzer in a vacuum chamber in the temperature range from Ϫ100 to 300°C, measured by a thermal couple attached to the bottom electrode.
The dielectric permittivity of PMNT67/33 along ͑001͒ was measured. The cooling rate was 3.0°C/min and the heating rate was 1.2°C/min. As shown in Fig. 1 , a kink of dielectric permittivity appears in the temperature region 55 Ϯ10°C during the heating cycle, which corresponds to the phase transition from rhombohedral to tetragonal structure. 5 Small frequency dispersion of the dielectric permittivity below T R-F ϭ147°C ͑heating cycle͒ indicates the sample is in ferroelectric phase in this temperature range. The dielectric permittivity shows apparent frequency dispersion above T R-F . Therefore a spontaneous R-F phase transition happens at T R-F and the structural change from tetragonal to cubic phase happened at the same temperature. 5 The two phase transitions show apparent thermal hysteresis during the cooling cycle, and the transition temperature drops to 34Ϯ10 and 136°C, respectively. Thus, the two phase transitions are firstorder.
The most interesting result is that the cooling rate at the R-F phase transition temperature T R-F has a large influence on the dielectric permittivity in the consequent ferroelectric phase, while the cooling rate in the temperature range several degrees lower or higher than T R-F has no influence. As shown in Figs. 2͑a͒ and 2͑b͒, the sample was cooled with different rates across T R-F , and the dielectric permittivity was measured in the next heating cycle with the same heating rate of 1.2°C/min. All of the curves have little frequency dispersion below T R-F , which indicates the sample is in ferroelectric phase in this temperature range for different cooling rates. The sample had the lowest dielectric permittivity in the ferroelectric phase when was quenched from 200°C to RT, and the kink of the dielectric permittivity due to the structural phase transition happened at 55°C disappears. slower the cooling rate, the higher the dielectric permittivity can be attained below T R-F . If the temperature of the sample was stabilized at T R-F for 500 min and then cooled at 0.12°C/min, the dielectric permittivity of the sample in ferroelectric phase was higher than that of the sample was directly cooled at 0.12°C/min from relaxor phase to ferroelectric phase. Thus, the time spent during the phase transition was the real factor that influenced the dielectric properties in the consequent ferroelectric phase. The dielectric permittivity in ferroelectric phase under different cooling rates was found to be very stable with time, even at a temperature just below T R-F . The effect of cooling rate cannot be explained by the spin-glass model. According to the spin-glass model, 10,14 -16 the ferroelectric phase was induced by the long-range correlation of nanodomains. The correlated nanodomains need a certain period of time to align along a same direction, which depends on the their average relaxation time. The faster the cooling process, the shorter the ferroelectric correlation length, and thus the weaker the R-F phase transition. Thus, the sharp drop of dielectric permittivity induced by R-F phase transition should be smaller for a faster cooling rate. In other words, the dielectric permittivity in ferroelectric phase near the transition temperature T R-F would be higher for a faster cooling rate, which contradicts our experimental results.
Since the ferroelectric subdomains nucleate and grow during the phase transition, we assume the average size of domains depends on the cooling rate across the phase transition, and thus the effect of cooling rate on dielectric properties may be attributed to the size effect of subdomains, similar to the grain size effect of ferroelectric ceramics. 17, 18 The bigger the subdomains, the higher the dielectric permittivity. On the other hand, the disappearance of the phase transition from tetragonal to rombohedral at 55Ϯ10°C for the quenched sample is exactly like the grain size effect of ferroelectric ceramics with very small grain size. 18 The dielectric properties of the sample during the field cooling-zero field heating ͑FC-ZH͒ process have been measured as well. The sample biased with the electric field 2.5 kV/cm was cooled from 250°C to RT under the cooling rate 3.0°C/min, and then was heated back without bias electric field to 250°C at 1.2°C/min. The dielectric properties were measured during the heating process. As shown in Fig. 3 , below 45°C, the dielectric permittivity of the FC-ZH process almost has the same value as that of the sample of the zero field cooling-zero field heating ͑ZC-ZH͒ process cooled under very slow rate ͑0.06°C/min͒, while it is much lower than that of ZC-ZH process from 45 to 147°C. Above the R-F phase transition, the two curves converged again. Below 45°C, the PMNT67/33 crystal is in rhombohedral phase. 5 The dielectric constants along a, b, and c axes have the same value. Thus, the polarized and unpolarized samples should have the same dielectric permittivity along ͑001͒ if the size effect of subdomains was excluded. The sample of FC-ZH process has big ferroelectric subdomains below 147°C for high remnant polarization can be observed. Thus, the sample of ZC-ZH process with the cooling rate 0.06°C/min has the maximum dielectric permittivity below 45°C and slower cooling rate cannot increase the dielectric constant any more. These results can also be considered as evidence of the size effect of ferroelectric subdomains discussed before, since a size effect always happens below a critical size. 17, 18 Above the critical size, the dielectric permittivity is a constant value. The sample cooled at 0.06°C/min must have subdomains bigger than the critical size. From 45 to 147°C, the PMNT67/33 crystal is in tetragonal phase. For a single domain, the dielectric constant along the c-axis ͑polarization direction͒ 1 is different from that along the a-or b-axis 2 . Thus, along ͑001͒, the sample polarized along ͑001͒ has the dielectric constant 1 , while the unpolarized sample has the dielectric constant ( 1 ϩ2 2 )/3. This is the reason the two curves in Fig. 3 separate in this temperature region.
In conclusion, the dielectric permittivity of the PMNT67/33 single crystal in ferroelectric phase was found to be strongly influenced by the cooling rate during the R-F phase transition. We assumed the size of ferroelectric subdomains in ferroelectric phase is dominated by cooling rate across the R-F phase transition, and the size effect of subdomains is the main reason for this interesting result.
